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I. INTRODUCTION 

The Biophysical Research Laboratory was established in 1953, 

with the aim of initiating a long-range research program in Photo- 

biology. 
The principal research efforts of the Laboratory for the past 

sixteen years have been directed toward the comparative study of 

photoreceptor StFJctur@s for photosynthesis and vision, and how 
their molecular structure and chemistry are related to their physiol- 

ogical function, as energy transfer devices. 

The conversion of one form of energy to another, as light energy 

to chemical and electrical energy in the physiological process, is of 

fundamental importance to our understanding of life. 
Our approach to the understanding of the energetics of living 

systems has been through the following methods : 
of the excitatory forces, the stimuli; (2) a comparative study of 

the molecular structure of the photoreceptors; (3) a chemical study 
of the photoreceptor pigments, their biosynthesis and structural 

identification; (4) a study of the photochemistry of the photoreceptor 
pigment complexes; (5) a search for model living cells to study these 
phenomena; and (6) a study of physical, mechanical, chemical and elec- 
tronic model systems that have behavioral properties analogous to 

photoreceptors. 

(1) A quantitative study 

In these Annual Reports of the Biophysical Research Laboratory, 

I-XV, 1953 to 1970, the year-by-year experimental findings are summar- 
ized in order to put together the bits of information gathered. 

addition, these Reports indicate the experimental tools, the personnel 

responsible for the research, the philosophy and environment in which 

the research is carried out. 

In 
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111. EDUCATIONAL ASPECTS 

The Biophysical Research Laboratory plays a part in the Biological 

Sciences at Carnegie-Mellon University. Research opportunities are 

available for a number of graduate students and research fellows. The 

Laboratory also serves for interdisciplinary training and research 
with other departments in the University. Because Carnegie-Mellon 

University is geographically close to Eye and E a r  Hospital and the 
University of Pittsburgh, it is possible to continue our cooperative 

research programs in vision and physiology. 
Seminars and tutorials for graduate students are organized in 

close association with the research of the Biophysical Research Labora- 
tory. 

has taught a course, Science Systems (A-596) , for non-science majors. 
The Laboratory staff has supervised graduate research (GS/560) and 

undergraduate investigative topics, instructed students in biophysical 

tools and methods, and research projects for pre-college students. It 

is hoped that these programs will foster an interest in research and 

that the environment of the Laboratory will encourage an enthusiasm 

toward creative investigation at a crucial stage in the development of 

scientific careers. 

In addition to courses in Biophysics ( S / G S  557-558) , Dr. Wolken 

Opportunities and encouragement are given to the research staff 

of the Laboratory to further their own studies and to work at other 
research laboratories or universities for periods of time to broaden 
their own scope. 

Since the establishment of the Laboratory, the granting of post- 
doctoral research fellowships has been a continuing policy. 
ships have been provided for visiting research scholars and medical 

students through the generosity ofthe Scaife Family of Pittsburgh. 
The research training program effectiveness is undergoing changes, as 
research grants are being curtailed. It is unfortunate, for this pri- 

marily affects our support to graduate students and Visiting Research 
Fellows. These Fellows help provide the stimulating environment so 

necessary for productive research. 

Fellow- 



-5- 

Iv. THE LABORATORY 

The Biophysical Research Laboratory occupies 5,000 square feet 

of well-equipped laboratories -- for biochemistry , biophysics , physical 
chemistry, electrophysiology, electron microscopy, electron optics, 
microbiology, magnetics, histology and tissue culture. 

These research laboratories include equipment for performing 

preparative and analytical ultracentrifugation, electron microscopy, 
spectroscopy, optical diffraction, electrophoresis, ionizing radiation, 

magnetics and electronics. To service the laboratories there is an 

experimental instrument shop, photographic darkrooms, greenhouse, 
specialized library and offices. 

In addition, the Laboratory staff has available the use of the 
Hunt Botanical Library, Carnegie-Mellon University, the natural history 

collections of the Carnegie Museum, the Phipps Conservatory of Pitts- 

burgh for botanical material and the laboratories of Eye and Ear Hos- 

pital, University of Pittsburgh Medical Center, for cooperative research. 
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V. WSEARCH PROGRESS 

Life was initiated under very special conditions -- conditions 
which made evolution possible, perhaps the most crucial of which was 

the presence of light. Nature is telling us something about a l l  light- 

catalyzed reactions; therefore, we are searching carefully into the 

subtleties of these photobiological phenomena in order to understand 
them. 

In our studies of photoreceptors, from the protozoa to coelenter- 

ates, flatworms, roundworms and segmented worms, we find a variety of 

photoreceptor structures ranging from eyespots to photosensory cells 

to simple "pin-hole" eyes. 

dition to these more primitive receptors, imaging compound eyes and 

refracting eyes. We can now see that in the course of evolution in- 
vertebrates have used every known optical device for light detection 

and image formation (refer to Figure 18). 

In arthropods and molluscs we find, in ad- 

The photoreceptors that have evolved to capture li$ht energy -- the 
chloroplast for photosynthesis and the retinal rods and cones of the eye 
for vision -- are all highly ordered structures. 
consist of a lattice of repeat units of about 200 E spacing (refer to 
Figures 7, 10-13). 

As in a crystal, they 

The importance of these structures to photoexcitation, and the kinds 
of photopigments as well as their molecular structure within these photo- 

receptors are of considerable interest to us. 

A. Photosensory Cells 

In search of relatively simple living cells as models to study the 

conplex phenomena of photosensitivity in nature, and to understand the 

process, we have pursued our study of the protozoan algal flagellate, 

Euglena. 

"How a nerve comes to be sensitive to light, hardly 
concerns us more than how life itself originated; but 
I may remark that, as some of the lowest organisms, in 
which nerves cannot be detected, are capable of perceiv- 
ing light, it does not seem impossible that certain 
sensitive elements in their sarcode should become aggre- 
gated and develop into nerves, endowed with this special 
sensibility" -- Charles Darwin, 1859. 
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I 

1. Protozoan Photoreceptor: Eyespot-Flagellum. J. J. Wolken. 

How t h e  f i rs t  photoreceptor evolved is  not known; but t he re  i s  

some basis f o r  t h e  suggestion t h a t  it may have been an adaptation by 

a c e l l  for photosynthesis similar t o  t h a t  found i n  photosynthetic 

bac te r i a  with chromatophores containing b a c t e r i a l  chlorophyll .  An- 

o ther  speculation i s  t h a t  photoreceptors may have been t h e  r e s u l t  of 

d i f f e ren t i a t ion  of f l a g e l l a r  processes of a c e l l  i n  which a photo- 

s ens i t i ve  pigment became attached t o  or somehow became associated with 

a flagellum. If so,  t h i s  would provide a means f o r  t h e  c e l l  t o  search 

f o r  l i g h t  of t h e  appropriate i n t ens i ty  and wavelengths f o r  photosynthe- 

s is .  Examples of j u s t  such a close associat ion can be seen i n  the  

protozoan f l a g e l l a t e s ;  i n  Chlamydomonas, t h e  eyespot i s  found within 

the  ch loroplas t ,  and i n  Euglena t h e  eyespot i s  associated with t h e  f la- 

gellum. 

I n  search of answers t o  how photoreceptor systems developed, how 

they are s t ruc tured  f o r  l i g h t  capture, and how they funct ion as an 

in tegra ted  system, 

found among t h e  protozoans t h a t  border between p l an t s  and animals, as 

i n  t h e  un ice l lu l a r  protozoan f l a g e l l a t e ,  Euglena. 

it seemed t o  me t h a t  some of t h e  answers would be 

What i s  t h e  photoreceptor molecule? Euglena g r a c i l i s  synthesizes 

three main carotenoids: 6 -carotene, l u t e i n ,  and neoxanthin. Lutein 

w a s  found t o  be t h e  major pigment comprising 80 per  cent of t h e  t o t a l .  

!he two pigments which p e r s i s t  i n  dark-grown euglenas w e r e  found t o  be 

l u t e i n  and B -carotene. 

I n  attempts t o  iden t i fy  t h e  Euglena photoreceptor eyespot pigment 

by chromatography, 80 per cent of the carotenoids were ind ica ted  t o  be 

l u t e i n ,  11 per cent B-carotene, 7 per cent  neoxanthin and a s m a l l  amount 

of y-carotene, crytoxanthin,  echinenone, keto-carotenoids, euglenanone 

and hydroxyechinenone. Astaxanthin or astacene w a s  not found. 

Assuming t h a t  t h e  eyespot i s  a mixture of carotenoids,  f o r  example, 

6-carotene, l u t e i n  and neoxanthin, the absorption peaks would l i e  within 

t h e  range 415 t o  475 nm. When these pigments a re  dissolved i n  carbon 

d i s u l f i d e ,  a nonpolar solvent ,  t he  absorption peaks range from 450 t o  

510 nm. These or similar carotenoids could therefore  account f o r  t h e  

absorption peaks i n  t h e  450 t o  510 nm region as found i n  t h e  phototact ic  

ac t ion  spectrum f o r  Euglena. 
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To circumvent the difficulties of isolating the eyespot granules 
and extraction, the microspectrophotometer M-5 was used to obtain 

- situ absorption spectra from single Euglena eyespots of 2p 

These data showed that the eyespot has a broad absorption band from 
430 to 520 nm. Recent studies of absorption spectra of the eyespot 

show that the peaks lie near 430, 465 and 495 nm, and near 350 and 270 
nm in the ultraviolet (Figure la). 
flagellum (near the paraflagellar body) show absorption peaks about 

440 and 490 NIL (Figure lb). 
visible (Figure IC). 
chloroplasts, the eyespot spectrum shows absorption peaks near 430, 465 
and 510 nm, and in the ultraviolet at 340 nm (Figure 2a). 
resembles in some respects that of a flavin semiquinone, Figure 2b. 

2 
areas. 

Spectra closer to the base of the 

The flagella do not show any peaks in the 

In the heat-bleached Euglena mutant which lacks 

This spectrum 

When light-grown euglena are dark-adapted for about one hour and 

mounted on the cold stage (5OC) of the microspectrophotometer, the 
absorption spectrum obtained (Figure 3a) is similar to that found for 
the eyespot in Figures la and 2a. 
with strong white light for one to five minutes, the major absorption 

peak around 490 nm bleaches, shifting its major peak to 440 nm (Figure 
3b). 

phototaxis action spectrum, and has similarities to bleaching of the 
visual pigment rhodopsin. 

When the same area is illuminated 

This absorption peak at 490 nm is close to the peak found for the 

Interpretation of the spectra to establish the identity of the 
photoreceptor pigments in the eyespot is, however, extremely difficult. 

Action spectra indicate that the eyespot is a shading device for a 

photosensitive region located at the base of the flagellum and that the 
photosensitive pigment resembles a flavoprotein with absorption peaks 
about 370 and 460 nm (see Figure 4,  that of riboflavin). 

If a flavoprotein is the photoreceptor molecule, then an analysis 
of the Euglena flavins would give us some idea of its concentration. 
Analysis of the total flavins showed that for both light- and dark-grown 
Euglena gracilis, there were of the order 10 
This is more than sufficient when compared to the number of visual 

12 
flavin molecules per cell. 
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pigment rhodopsin molecules in the photoreceptors of all eyes, which 

contain from 10 to 10 rhodopsin molecules. However, the action 
6 9 

spectra and the absorption spectra of the eyespot do not rule out 

that a carotenoid may be the photoreceptor molecule. 
support the possibility that there are two pigments, a carotenoid 

These data 

and a flavoprotein, in which one is the primary photoreceptor pigment 

and the other an accessory or screening pigment in the process. 

t 
0 .- 
t e 
a 
0 
fn 
-P 

FIGURE 1. 
of (a) eyespot, (b) gullet, and (c) flagella. 
gracilis. 

Absorption spectra, obtained by microspectrophotometry, 
Light-grown Euglena 
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Wavelength in nm 
FIGURE 2. 
obtained by microspectrophotometry, compared t o  ( b )  f l a v i n  semi- 
quinone, pH 5.1. 

Eyespot absorption spectrum ( a )  of heat-bleached Euglena, 

n 
I I I 

400 500 

Wavelength in nm 

I I 
600 

FIGURE 3. Eyespot absorption spectrum, obtained by microspectro- 
photometry (a )  a f t e r  dark-adaptation f o r  1 hour and ( b )  t h e  same 
eyespot after 5 minutes of white l i g h t .  
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wibilol 

200 300 400 
Wavelength in nm 

560 

FIGURE 4. Riboflavin. The molecular structure and the absorption 
spectrum of the oxidized form; when reduced with dithionite (----I. 

Another cell which we have been investigating is the fungus, 

Phycomyces blakesleeanus. 

2. Phycomyces. 
Phycomyces blakesleeanus has long been the object of research 

concerned with the sensitivity of the sporangiophore to light as 

measured by the phototropic response and by the light growth response. 

Light is not essential for growth but functions as a signal to alter 
the growth in either space or time. To date, however, no photoreceptor 
structure has been identified and it is not known what pigment or pig- 

ment system is responsible for these light responses. 
Action spectra show absorption peaks at or near 280, 365-385, 420- 

425, 445-455 and 475-485 nm. 

the absorption spectrum of B-carotene in the visible part of the spectrum 

indicates that it is one of the light receptor molecules. 

The similarity of the action spectrum to 

However, the 
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absorption peaks in the ultraviolet near 280 and 370 nm of the action 

spectrum and in the visible at 450 nm suggest a flavin or flavoprotein 

to be one of the photoreceptor molecules (Figures 2b and 4). 
To learn more about this phenomenon and whether the action spectra 

have meaning, the following studies are in progress: 
copy of the sporangiophore in search of a photoreceptor structure; dif- 
ferential solvent extraction of the sporangiophore in attempts to 

isolate a pigment or pigment system; microspectrophotometry to obtain 

absorption spectra in the phototropic growth-zone; and isolation and 
characterization of the crystals. 

electron micros- 

a. The Flavins of Phycomyces. A. J. Wolken. 
Neither the action spectra nor the absorption spectra of the grow- 

ing zone of Phycomyces have been sufficiently informative to clearly 

identify the primary photoreceptor molecules. 
enough to allow supporting interpretation for either a carotene or a 
flavin photoreceptor molecule. 
extracts showed that the wild-type Phycomyces contained an extremely 

large amount of carotenoid, most of which was identified as @-carotene. 

In the midst of all this, it would seem that the flavins were 

Both are ambiguous 

Quantitative studies of sporangiophore 

neglected. 

amount or the identity of the individual flavins present in the spor- 
angiophore. More recent evidence, however, indicates that the flavins 

are more deeply involved in the photoreceptor process. For example, 
microspectrophotometry of Stage IV sporangiophores showed what appeared 
to be a reduced flavin spectrum beginning in the lower portion of the 

growing zone and extending down to'the base of the sporangiophore. Frbm 
these spec$ra, it was clear that Phycomyces sporangiophores contained a 

large amount of flavins. What was not known was the total amount of 
flavin present in a sporangiophore, the identity of the individual 

flavins involved, and the mount each compound contributed to the whole. 

No quantitative work was done to establish either the total 

Phycomyces blakesleeanus, both wild-type and car-10 strains, were 

grown on Sabaraud potato-dextrose agar in disposable plastic petri 

dishes , at 2 2 O C  and a humidity near 50%. From the time of innoculation 

a l l  cultures were kept in continuous fluorescent light of 30 foot 
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candles in t ens i ty .  

phores were harvested by plucking them from t h e  mycelium, a f t e r  which 

t h e  p e t r i  dishes were replaced i n  the growth room t o  allow a new crop 

of sporangiophores t o  mature. 

these  "cut back" cu l tures  w e r e  harvested again. 

harvest ing,  t h e  sporangiophores were ca re fu l ly  weighed and placed i n  

t h e  deep f reeze  (-20°C) i n  a l i gh t - t i gh t  container.  

A t  t he  end o f  four days of growth t h e  sporangio- 

A t  the end of t h e  f i f t h  day of growth 

Immediately a f t e r  

For t h e  t o t a l  f l a v i n  ana lys i s ,  t he  lumif lavin fluorescence method 

as described by Yagi (Yagi, K. Chemical Determination of Flavins ,  I n  

Methods of Biochemical Analysis, Vol. X ,  David Glick,  ed. ,  John Wiley 

and Sons, Inc.  , 1962) w a s  employed. 

t h e  sample w a s  prepared using Yagi's method with a f e w  modifications.  

The e s s e n t i a l  s teps  used f o r  extract ion of t h e  f l av ins  f o r  both t o t a l  

and ind iv idua l  analysis  a r e  as follows: 

- - 

For t h e  individual  f l a v i n  ana lys i s  

(1) Samples were cut i n t o  s m a l l  p ieces .  ( 2 )  5 m l  of d i s t i l l e d  

water w a s  

and allowed t o  cool. 

p e s t l e  and sonicated f o r  2 minutes. 

pH 8 w a s  added. 

ture,  and t h i s  w a s  incubated f o r  1 0  hours a t  37OC. 

w a s  d i l u t e d  t o  a t o t a l  volume of 25 m l ,  warmed at  8ooc f o r  1 5  minutes, 

and allowed t o  cool. A l l  of t he  remaining s t eps  i n  t h e  t o t a l  f l a v i n  

ana lys i s  followed the  method given by Yagi. 

added a t  8ooc, t h e  mixture w a s  heated f o r  5 minutes a t  8ooc 
(3)  The mixture w a s  homogenized with mortar and 

( 4 )  5 ml of .5$ t ryps in  so lu t ion  

A t h i n  l aye r  of toluene w a s  placed on top of t h e  mix- 

( 5 )  The mixture 

The fluorescence of t h e  flavin-containing chloroform l aye r s  w a s  

measured with a Model 11- Turner Flourometer. A l l  chromatography w a s  

done using Eastman chromatogram sheets #6060 ( D i s t i l l a t i o n  Products 

Indus t r i e s ,  Rochester, N . Y . ) ,  which were t h i n  l aye r s  of s i l i c a  g e l  

with f luorescent  ind ica tor .  

complished by i r r a d i a t i o n  with a General E l e c t r i c  H85-C3 source i n  

combination with a W f i l t e r .  

Detection of t h e  developed spots  w a s  ac- 
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Wild Type 
(average 
height of 
sporangio- 
phore-8 cm.) 

TABLE I 

Total  Flavins (Calculated as Riboflavin).  

t o t a l  wet weight 
i n  grams of 
sporangiophores 
x e d  i n  prepara- 
t ion. 

3.47 
4.41 

11.12 

Number 
~ of molecules of 
1 f l av in  per 
~ sporangio kore. J? 

x 10 

Estimates of t o t a l  
f lav ins  (pg f l av in /  
g wet weight of 
sporangiophore). 

8.64 
3.44 
5.82 

Albino car-10 
(average 
height of 
sporangio- 
phore-4 cm.) 5.72 1.78 

22.10 
8.03 

10.50 

4.56 

These r e s u l t s  i n  Table I indicate  t h a t  an extremely l a r g e  amount of 
12 1 3  

f l a v i n  i s  present i n  t h e  sporangiophores, from 10  t o  1 0  molecules per 

sporangiophore. 

phore t o  ac t  as t h e  primary photoreceptor -- at least 1 0  t i m e s  t h e  

necessary number of molecules i f  you consider the  upper l i m i t  of photo- 

receptor  molecules per receptor t o  approach 1 0  . 

Certainly the re  i s  more than enough i n  each sporangio- 
3 

9 

What can be sa id  about t h e  r e l a t ive  amounts of  t h e  various f l av ins  

present i n  the  sporangiophores? By developing t h e  wild-type f l a v i n  

sample i n  a bath of n-butanol/acetic acid/H 0: 

taken ca re  t o  expose it t o  a minimum of l i g h t ,  a green-fluorescing m a i n  

band w a s  evident with R values from .387 t o  .550. One-dimensional 

chromatography did not permit fu r the r  separation of t h e  compounds i n  t h i s  

band, so it i s  l i k e l y  t h a t  more than one f l a v i n  w a s  present.  In  addi t ion,  

t he re  were f a i n t e r  hands present ,  one with an Rf value .734 which f luor-  

esced b lue ,  and a second band of R value .037 which fluoresced green. f 

4 / 1 / 1  f o r  3 hours, having 2 

f 

Establ ishing the  i d e n t i t y  of these bands poses a more d i f f i c u l t  

problem than measuring t h e i r  Rf values. 

could ind ica t e  a number of f l av ins ;  f o r  example, r ibof lav in  o r  lumif lavin,  

both of which fluoresce green and gave R 

main band. 

The main band from “ .38  t o  “ . 5 5  

values similar t o  those of t he  f 
The blue band with Rf=.734 would appear t o  be lumichrome, while 
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t h e  las t  band with Rf=.037 would appear t o  be FAD (Flavin adenine 

d inuc leo t ide) .  On one chromatogram a very f a i n t  green-fluorescing 

band appeared which 

nuc leo t ide) .  

Chromatography 

va r i a t ion .  Samples 

f o r  3 hours yielded 

s a t i s f i e d  t h e  R c r i t e r i a  f o r  FMN (Flavin mono- f 

of t h e  albino-10 f l a v i n  samples showed less 

developed with n-butanol/acetic acid/H20 : 4/4/1 
a major band w i t h  R values ranging from .bo0 f 

t o  .525., which falls  near t h e  value obtained for pure r ibo f l av in  

( .50 t o  .55) .  However, t h i s  discrepancy might be explained by t h e  

f a c t  t h a t  when t h e  standard samples were run, t h e  room temperature 

w a s  c loser  t o  18 or 2OoC.  

a rea  remained c lose  t o  t h e  o r ig in  with an R 

This las t  band might be in te rpre ted  as FMN. 

Also, on these chromatograms a f a i n t  green 

value from .036 t o  .O78. f 

I n  an e f f o r t  t o  produce more dependable results I designed a two- 

dimensional chromatography development using f i r s t  n-butanol/n-propanol/ 

H20:2/2/1 and then 5% Na2P04. 

system I w a s  able  t o  iden t i fy  a f a i n t  band which f e l l  s l i g h t l y  short  of 

pure r ibo f l av in  with an Rf i n  t he  first solvent  system from .h76 t o  .500. 

Pure r ibo f l av in  gave Rf values from .516 t o  .566. The butanol/propanol/ 

H20 system a l so  separated out a blue-fluorescing compound with Rf values 

from .122 t o  .175. This compound appeared t o  f i t  t he  requirements of 

lumichrome. 

beyond t h e  o r i g i n ,  with R values l e s s  than .lo, containing FAD and FMN. 
The second phase of t h e  chromatography w a s  designed t o  separate  as 

c lose ly  as possible  t h e  compounds FAD and FMN, but i n  t h i s  respect  it 

f a i l e d ;  separat ion remained incomplete and the  spot produced was too  

l a rge  and d i f fuse  for quan t i t a t ive  measurements. Nevertheless, t h e  

r e s u l t s  from the  second s tage of chromatography (using 5% Na2HP04) 

ind ica ted  t h a t  FMN and/or FAD a re  de f in i t e ly  present i n  t h e  sporangio- 

phore. 

From references run with each solvent 

The f i r s t  solvent also l e f t  a highly f luorescent  area j u s t  

f 

The following th ree  compounds., then,  appear t o  be present i n  the  

sporangiophore: FMN and/or FAD, lumichrome, and r ibof lav in .  

These f l av ins  a re  present i n  both t h e  wild-type and t h e  albino 
13 

car-10. Both t h e  wild-type and t h e  car-10 contain close t o  1 0  molecules 
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of f l a v i n  per sporangiophore i f  t h e  molecular weight of r i bo f l av in  

i s  used i n  t h e  calculat ion.  

How reasonable are these  asser t ions  about t h e  sporangiophore? 

Indeed, it would seem unl ikely t o  f ind t h e  r ibof lav in  molecule in- 

t a c t  and i n  i t s  pure s ta te ;  ye t  t h e  presence of lumichrome g rea t ly  

enhances i t s  p l a u s i b i l i t y .  Microspectrophotometry of t h e  growing 

zone showed a s h i f t  i n  s p e c t r a l  cha rac t e r i s t i c  from a t y p i c a l  caro- 

tenoid spectrum t o  a t y p i c a l  reduced f l a v i n  spectrum. Speculation 

t h a t  t h i s  reduced f lav in  i s  i n  f a c t  lumichrome i s  supported by t h e  

f inding of lumichrome i n  t h e  sporangiophore. 

b. I so l a t ion  of Phycomyces Crystals.  G. J. Gal l ik ,  P. J. Dubash 

and J. J. Wolken. 

Phycomyces blakesleeanus wild (-) were grown f o r  8-10 days i n  a 

3 cm l aye r  of Sabouraud's dextrose agar i n  a 35 x 20 cm pyrex d ish  under 

constant i l lumiiiation uy 22OC at 35% r e l a t i v e  humidity. 

per iodica l ly  examined during t h e i r  growth phase, under a polar iz ing  

microscope, f o r  t h e  presence of r e f r a c t i l e  c r y s t a l l i n e  inclusions.  

The d i s t r ibu t ion  and frequency of occurrence of c r y s t a l s  i n  

Phycomyces sporangiophores var ied with maturation, aging, type of 

s t r a i n  and conditions of growth. 

Sporangiophores were 

Polarized l i g h t  microscopy showed c r y s t a l l i n e  b i re f r ingent  micro- 

bodies i n  the  wild (-) s t r a i n  as w e l l  as t h e  albino car-10 s t r a i n  

(Figure 5 ) .  The c r y s t a l s  were chief ly  loca ted  i n  t h e  growth zone 

2-5 mm. below t h e  sporangium where the photoreceptor i s  bel ieved t o  

l i e .  

observed i n  t h e  growth zone o f  t h e  wild (-> s t r a i n  a f t e r  96 hours, and 

none were detected i n  t h e  car-10 s t r a in .  

t h e  wild ( - )  s t r a i n  develops c rys t a l s  throughout t h e  e n t i r e  length of 

t he  sporangiophore. 

I n  Phycomyces grown i n  t o t a l  darkness, only a few c r y s t a l s  were 

Grown i n  t h e  l i g h t  f o r  8 days, 

Crystals  were i so l a t ed  by sucrose gradient  centr i fugat ion.  A 

good y i e l d  of c rys t a l s  w a s  obtained from 8 day o ld  cu l tures ,  when t h e  

Sporangiophores were plucked with a forceps and t ransfer red  t o  a 

0.1 M PO4 buffer  pH 7.0. The mixture w a s  then sonicated i n  t h e  cold 
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with a Bronson Sonif ier  at 20,000 cps. f o r  3 minutes, layered over 

60% sucrose solut ion and centrifuged a t  78,480 x g fo r  20 minutes 

i n  a Beckman model L preparative centrifuge.  

c r y s t a l  f r ac t ion  a t  the  sucrose in te r face ,  which was  removed with 

a syringe in to  another tube,  washed twice with d i s t i l l e d  water and 

an aqueous suspensionwas then layered on a 40% sucrose solution. 

w a s  again centrifuged a t  78,480 x g f o r  20 minutes, t h e  c rys t a l  

f r ac t ion  w a s  removed and washed as before, layered on a 25% sucrose 

solut ion and centrifuged at 54,500 x g f o r  1 5  minutes t o  obtain a 

r e l a t i v e l y  pure c rys t a l  f rac t ion  f ree  of insoluble contaminants. 

The f r ac t ion  having a density of  1.1 w a s  washed and resuspended i n  

water and s tored i n  the  deep freeze t o  be used f o r  chemical analysis .  

Gross analysis of these c rys ta l s  showed them t,o be composed 

This yielded a crude 

This 

primar- 
i l y  of protein with s m a l l  amounts of l i p i d s  and carotenes with no 

t r aces  of nucleic acids and f lav ins .  

t h e  c rys t a l s  i s  a t t r i bu tab le  t o  i t s  enzymic nature ,  t h e  f r ac t ion  hav- 

ing appreciable acid phosphatase and ca ta lase  ac t iv i ty .  

f a i n t l y  pos i t ive  react ion f o r  Fe 

These findings are summarized i n  Table 11. 

The high protein content of 

There w a s  a 
3+ , evidently of ca ta lase  or igin.  

?IGURE 5. 
xonmicrograph p l a t e  of Phycomyces c rys t a l s .  

(a )  Light micrograph of Phycomyces c rys ta l s .  (b )  Elec- 
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Protein 
Lipid (as fatty acids) 
Carotenes (B -carotene) 

TABLE I1 
Phycomyces blakesleeanus , wild-type (-) 

Crystals (density 1.1) isolated from 8 day sporangiophore 
by sucrose gradient centrifugation. 

Analysis (in relative concentrations) 

3000 
37 5 

3.9 

Protein 
catalase 
acid phosphatase 
peroxidase 

Lipids 
Carotenes 
Flavins 
DNA 
RNA 4 

Indole 
Iron (~e++) 

++++ 
+ 
+ 
-? 
++ 
+ - 
- 
-? 
+- 

The protein concentration is almost 90 per cent and the remaining 
10 per cent is lipid. Our analysis is summarized in Table 111. 

TABLE I11 
Phycomyces blakesleeanus , wild-type (-) 

Crystals (density 1.1) isolated from 8 day 
sporangiophores, by sucrose gradient centrifugation 

and resuspended in 10 m l .  distilled water. 

Analys i s 
Fraction Concent rat ion 

ug/d 
% 

88.9 
11.0 

0.1 

Microspectrophotometry of the crystals within a sporangiophore 

at 72 hours show absorption peaks near 290, 340, 460 and 490 nm, 

suggesting a carotenoid. Microspectrophotometry of isolated crystals 

also show similar absorption peaks (Figure 6). 
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FIGURE 6. 
Phycomyces s tage IVb. 

Spectrum of i so la ted  c rys ta l s  (Figure 5a) obtain.ed from 
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c .  Optical  Diffract ion and Symmetry of Phycomyces Crystals .  

R. S. Morgan and J. J. Wolken. 

Optical  d i f f r ac t ion ,  l i k e  x-ray d i f f r a c t i o n ,  i s  a technique for 

reveal ing s t ruc tu res .  

one t o  der ive t h e  th ree  dimensions and c e l l  parameters of c r y s t a l l i n e  

inclusions from analysis  of t h e i r  op t i ca l  d i f f r a c t i o n  pa t t e rns  (Fig- 

ures 7 ,  8 and 9 ) .  

Examination of e lec t ron  micrographs permits 

Electron micrographs containing f i v e  d i f f e r e n t  sect ions through 

t h e  c r y s t a l s  of Phycomyces blakesleeanus (Figure 7 )  were found t o  be 

of two types.  

of 80° t o  each o ther ,  while t h e  other type showed only one set of 

p a r a l l e l  l i n e s .  

One type showed two se t s  of p a r a l l e l  l i n e s  a t  an angle 

I n  attempting t o  v i sua l i ze  these two predominant types of images 

as two-dimensional project ions of a three-dimensional s t ruc tu re ,  we 

were l e d  t o  t h e  assumption t h a t  t h e  s t ruc tu re  of these  c r y s t a l s  con- 

s i s t e d  of p a r a l l e l  layers, or sheets,  of elongated molecules, t h a t  t h e  

I1criss-crossR images a re  project ions normal t o  these  l aye r s  , and t h a t  

t he  "para l le l"  images are projections along t h e  plane of these  l aye r s  

(Table I V ) .  These assumptions, and a study of t h e  d i f f r a c t i o n  pat- 

t e rns  (Figure s ) ,  brought us t o  t h e  u n i t  c e l l  as  shown i n  Figure 9. 
We noted t h a t  a l l  t h e  "para l le l"  images so far seen i n  Phycomyces 

c r y s t a l s  correspond t o  views along the diagonal of t h e  c e l l ,  as t h e  

p e r i o d i c i t i e s  along t h e  l i n e s  are e i ther  207 A (B1) o r  414 A (B2) .  

The c e l l  i s  monoclinic and belongs t o  space group P21, with 6 = 80°, 
but t h e  s ides  of t he  c e l l ,  although o f  similar lengths ,  appear t o  be 

unequal: a = 250 A,  b = 280 A ,  c = 240 A (Figure 9 ) .  

TABLE I V  

Phycomyces 

P la t e  Angle 
Number i n  degrees 

1075 83 
1069 79 
1071 88 
1069 90 

1135 87 

0 
Spacings, A ,  
between l i n e s  

1 2 1  134 

132 143 
119 
122 

114 
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FIGURE 7. Electronmicrograph of a single Phycomyces crystal. 

Type A patterns 
2-fold screw axes at 
corners and center 

Type B patterns 

FIGURE 8. Optical diffractometer FIGURE 9. Three-dimensional model 
pattern from electron microscope 
plate of Phycomyces crystal. 

based on diffractometer pattern. 
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T 
I, w a s  shown (Table 11) t h a t  the ,solated Phycomyces c r y s t a l s  

have ca ta lase  a c t i v i t y .  

t h e  s t ruc tu re  of these  c r y s t a l s  with t h a t  of ca ta lase  pu r i f i ed  from 

mammalian l i v e r .  

of c r y s t a l l i n e  forms. 

a molecular weight of 240,000, and consis t  of 4 equal subuni ts ,  each 

of dimensions 40 x 80 A .  The Phycomyces c r y s t a l s  may be more complex, 

both i n  composition and i n  s t ruc tu re ,  than t h e  c r y s t a l s  of pu r i f i ed  

ca ta lase .  Nonetheless, it is  of i n t e r e s t  t h a t  they a l s o  apparently 

contain 4 subunits i n  t h e  50,000 + 10,000 range with a molecular 

weight of about 200,000. 

Therefore, it w a s  of i n t e r e s t  t o  compare 

Liver ca ta lase  i s  capable of forming severa l  types 

The separated molecules of t h i s  pro te in  have 

- 
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B. Studies of the Visual Process 

1. Arthropod Compound Eyes 

The arthropods comprise the major group of invertebrate animals 

including insects, arachnids and crustacea, all of which possess 
image-forming compound eyes. 

The compound eye consists of eye facets called ommatidia which 

Each ommatidium vary in number from a few to as many as thousands. 

has a corneal lens, crystalline cone and retinula cells. The retinula 

cells have specialized structures, rhabdomeres, which are analogous in 

function to the retinal rods and form the rhabdom, its retina. 
In our previous Biophysical Research Laboratory Annual Reports, 

11-XIV, 1955-1969, we have summarized our investigations on the behav- 
ior, optical systems, structure and photopigments of compound eyes in 

search for understanding of the visual process. 

report additional studies of the firefly and carpenter ant. 

Here we would like to 

a. Eye Structure 

(1) - The Firefly E=. 

J. J. Wolken. 
G. E. Marak, G. J. Gallik and 

The compound eye of the firefly (Photuris pennsylvanica) is 

structurally unique among insect eyes. Each ommatidium has a corneal 
lens, crystalline cone, and retinula cells. The ommatidium can be 

divided into two functional systems, the dioptric or  optical system 

and the rhabdom o r  photoreceptor system. The firefly eye is called 

an exocone type because the multilayered lens has a conical extension 

into the region normally occupied by the crystalline cone in other 
insects (Figure lo).- This unusual dioptric system has played an 

important role in theories of optical imaging in compound eyes. 
structure of the rhabdom (Figure 11) has important implications for 

intraocular models of polarization analysis. 

The 

(2) The Carpenter - Ant. - 
In the carpenter ant, Camponatus herculenus pennsylvanicus, the 

compound eye structure appears to represent a transition from the 
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i 
I ‘  

FIGURE 10. a, structure of the firefly ommatidium. b and c, 
exocone lens. d, crystalline cone threads. Photuris 
pennsylvanica. 
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FIGURE 11. 
ment of fine structure of rhabdomeres. 

Rhabdom of firefly (Photuris pennsylvanica) , enlarge- 
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apposit ion type eye t o  t h a t  of t h e  pseudocone described f o r  t h e  f i r e -  

f l y  (Figure 1 0 )  and the  c rys ta l l ine  thread of t he  hornet. 

The r e t inu la  c e l l s  of t h e  carpenter ant  show two zones, a c l ea r  

zone near t h e  rhabdom and a peripheral  cytoplasmic zone. 

(Figures 1 2  and 13) of t he  carpenter ant  i s  c i r cu la r  and occupies a 

much l a rge r  portion of t h e  ommatidial cross-section than i n  the  hornet. 

Despite i t s  s i z e ,  t he  rhabdom i s  formed from only s i x  r e t inu la  c e l l s  

as compared t o  e ight  or nine i n  other insec ts .  

The rhabdom 

The microtubules of  t he  rhabdomere have an elaborate f i n e  s t ruc-  

There appears t o  be a lobulated in t ra tubular  mater ia l  at t he  ture. 

center of  which i s  a star-shaped electron dense body (Figure 1 4 ) .  
A t  t h e  angles of adjacent microtubules are found electron dense in t e r -  

v i l l ous  bridges.  These in te rv i l lous  bridges bind adjacent microtubules. 

FIGURE 12.  
c u s ) ,  cross-section through the rhabdom showing i t s  rhabdomeres 
(R1-R6).  

The carpenter ant (Camponotus herculenus pennsylvani- 



-27- 

FIGURE 13. The carpenter ant (Camponotus herculenus pennsylvani- 
- cus), longitudinal section of a rhabdom. 

FIGURE 14. 
through many rhabdomere microtubules. 

High resolution electron micrograph of a cross-section 
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b. Invertebrate  Visual Pigments 

What a r e  t h e  inver tebra te  visual  pigments? The inver tebra tes  

present  a diverse  group of animals, and equally diverse  photoreceptors 

-- from eyespots,  o c e l l i  compound eyes t o  r e f r a c t i n g  eyes (Figure 18). 
though too  f e w  v i s u a l  pigments have been i so l a t ed  and t h e i r  photo- 

chemistry s tudied,  we can t r y  t o  piece together  t h e  experimental da ta  

obtained from t h e  extracted v i s u a l  pigments, behavior, e lectrophysiol-  

ogy and microspectrophotometry. 

Even 

I n  t h e  search t o  i d e n t i f y  t h e  v isua l  pigments of i nve r t eb ra t e s ,  

it w a s  an t ic ipa ted  t h a t  they would not  be too  d i f f e r e n t  from t h e  

ver tebra tes .  

are complexes i n  which t h e  chromophore 11-cis r e t i n a l  i s  at tached t o  

a s p e c i f i c  pro te in  opsin t o  form a rhodopsin. 

then,  f o r  v i s u a l  exc i ta t ion  i s  t h a t  upon i r r a d i a t i o n  by l i g h t ,  rho- 

dopsin l i b e r a t e s  t he  a l l - t r ans  r e t i n a l  from opsin.  

A l l  t h e  ver tebra te  visual  pigments i d e n t i f i e d  so far 

-- 
The important s t e p ,  

- 
We can now t u r n  t o  t h e  invertebrate  t o  see i f  t h e r e  i s  a universa l  

pigment chemistry f o r  all v i sua l  systems. 

The v i sua l  pigment of invertebrates  is  a l so  a rhodopsin i n  which 

t h e  chromophore i s  r e t i n a l  (Figure 15 ) . 
rhodopsin l i g h t  bleaching involves only the  transformation t o  metarho- 

dopsin; t he  l i b e r a t i o n  of  free r e t i n a l  and opsin does not occur as  i n  

ver tebra te  rhodopsin. 

Cephalopod and crustacean 

Spec t ra l  s e n s i t i v i t y  measurements ind ica te  t h a t  t he re  are s e v e r d  

absorbing pigments and t h a t  l i k e  t h e  rods and cones of ve r t eb ra t e  eyes 

these  are used f o r  br ight  and dim l i g h t  and f o r  color  discr iminat ion.  

For example, t he  lobs t e r  v i sua l  pigment shows absorption peaks at 

and 480 nm, t h e  crayfish a t  562 and 510, t h e  honeybee at  430 and 530, 

and t h e  housefly a t  437 and 510 nm. In  addi t ion ,  t he re  i s  an absorp- 

t i o n  peak i n  the  neighborhood of 340 t o  390 nm. 

515 
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Marine Fishes 
A,, Retinal, 

\ 
Land Vertebrates 
A,, Retinal, 

/ 
Catadm’ous Fishes 

(A, -A2), Ret inal,4?etina12 
Amphibians 

(A, and A2), Retinal, and Retinal2 

Arthropods 

\ 
Anadromous Fishes 

(A2+,), Retina12dRetinall 

Insects 
A,, Retinal, 

Arachnids ‘s, Retina ’ / A,, Retinal, 
Freshwater Fishes 

VERTEBRATES 

Crustaceans / A,, Retinal, 

/ 
Molluscs 

Cephalopods 
A, ,Retinall 

Protozoa RTEBRAT 
I Phytoflagellates 
I Carotene I 
I 
I 
I 

PLANTS 

Flavoprotein ? 

Phototropism 
Carotene 
Flavoprotein ? 

FIGURE 15. Carotenoid pigments associated with photoreceptors. 
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c. Screening Pigments 

Invertebrate eyes also possess screening and reflecting pigment 
granules which serve to regulate the amount of light that reaches the 

photoreceptors, the rhabdom, 
What function these pigment granules may have in visual excitation is 

not completely known. 

They are ommochrome or pteridine pigments. 

Ommochrome pigments are yellow to dark-red and fall into the class 

of ommatines and ommines. The ommochromes of the xanthommatin type are 

photosensitive, they can be oxidized and reduced, and are pH sensitive. 

The spectrum of xanthommatin is shown in Figure 16. 
that these ommochromes could function as do the quinones with the cyto- 

chromes in the electron transfer chain. 

usually chemically represented as yellow xanthopterin (2-amino-4-6- 
dihydroxy pyrimido-pyrazine ring) which upon ultraviolet excitation, 

fluoresces blue. The pterines are stable in vivo but photosensitive 
in vitro. Although they take part in some metabolic processes in the 

eye, they do not appear to be part of the primary photoreceptor mole- 
cule in visual excitation. 

It was suggested 

The pterine pigments are 

-- 
-- 

0.25 

0.20 

0.05 

C I I I 1 I I 1 
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FIGURE 16. 
pH 2, 5N HC1. 

Absorption spectrum, xanthommatin, a) pH 7 and b) 
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Experimental evidence indicates that the screening pigments 

may function to absorb light for the visual pigment. 
These studies of the invertebrate photoreceptors have been 

recently summarized in a monograph, INVERTEBRATE PHOTORECEPTORS: 

- A Comparative Analysis, in press for publication in 1970 by 
Academic Press, Inc., New York. 
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2. Vertebrate Photoreceptors 

Our s tud ies  of ver tebra te  photoreceptors during t h e  past  year were 

d i rec ted  t o  t h e  s t ruc tu re  of t h e  dog f i s h  r e t i n a .  

of i n t e r e s t  from a phylogenetic point  of view, but a l s o ,  too  l i t t l e  i s  

known of t h e  v i sua l  system of elasmobranchs. 

The dog f i s h  i s  not only 

a. S t ruc ture  of t h e  Retina of t h e  Smooth Dog Fish.  M. A .  A l i .  
7- -- 

Dog f i s h  (Mustelus can i s )  were obtained by J. J. Wolken and A. J .  Wolken 

a t  t h e  Marine Biological Laboratory (Summer of x968), Woods Hole, Mass. 

r e t i n a s  were removed from t h e  f r e sh ly  enucleated eyes and these  were f ixed  

i n  1% buffered osmium te t rox ide ,  r insed  i n  sea water, and dehydrated through 

a series of graded alcohols t o  absolute.  They were then embedded i n  Vestapol. 

Sections were cut from t h e  polymerized blocks on a microtome and some sec t ions  

were s ta ined  with uranyl ace t a t e  and others were counterstained w i t h  l ead  ace- 

t a te .  

The 

All sect ions were examined with a Phi l ips  200 e lec t ron  microscope. 

The r e t i n a  cons is t s  of t en  c e l l  l ayers  which can be dis t inguished i n  t h e  

e lec t ron  micrograph (Figure 17). 
no d i f f e r e n t i a t i o n  i n t o  what we can dis t inguish as rods and cones. The outer 

segment averaged 1.5 ~ . l  i n  diameter, and l i k e  ver tebra te  rods and cones i s  

s t ruc tured  of double membrane d i sc s  about 140 8 i n  thickness;  each membrane 

i s  about 40 8 i n  thickness .  

c l e a r  space of about 100 A. 

The v i s u a l  c e l l s  are f a i r l y  uniform i n  appearance, although t h e i r  dimen- 

The v isua l  c e l l s  are f a i r l y  uniform and show 

The double membraned d i sc s  a re  separated by a 
0 

sions vary from region t o  region. 

t o  2.3 v and t h e  length from 35 t o  42 11. 

i d e n t i f y  t h e  outer  segment, e l l i p s o i d  and t h e  nucleus of  t h e  same c e l l .  In 

these  cases ,  t h e  t o t a l  l ength  i s  about 40 ~ . l .  

of t h e  v i s u a l  c e l l  f iber  and t h e  v i s u a l  c e l l  body. It extends from t h e  lower 

end of t h e  c e l l  proper t o  t h e  ex terna l  plexiform l aye r .  

i s  a protoplasmic thread of smooth appearance and i s  about 1 1.1 i n  diameter. 

For example, t h e  diameter va r i e s  from 1 . 4  
I n  some sect ions it i s  possible  t o  

The rest of t h e  c e l l  i s  made 

The v i sua l  c e l l  f i b e r  

The outer  segments are attached t o  e l l i p so ids .  Thus each v i s u a l  ceLl 

cons i s t s  of an outer  segment and an e l l i p so id .  

segment i s  a smooth cyl inder  of uniform thickness with a rounded d i s t a l  end. 

Its substance has been observed t o  have a pecul iar  b r i l l i a n c y  and t o  be 

homogeneous and pos i t i ve ly  b i r e f r ingen t .  

In  t h e  l i v i n g  s t a t e  t h e  outer  
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FIGURE 17. 
t e l u s  Canis),  showing outer and inner segments of rods. 

Electronmicrograph of smooth dog f i s h  r e t i n a  (Mus- - -- 
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The e l l i p so ids  may be seen t o  contain th ree  d i f f e ren t  types 

of regions.  The d i s t a l  t h i r d ,  adjacent t o  t h e  f i b e r  apparatus,  

i s  packed with long mitochondria, and a bundle of 1 5  t o  18 f i b r i l s  

running i n  one s ide  of t h e  outer  segment and joining it t o  the  

inner  segment of t he  rod. The middle t h i r d  i s  granular while t h e  

proximal t h i r d  i s  f ibrous and vacuolar. The last  region i s  probably 

analogous t o  t h e  con t r ac t i l e  myoid, found i n  t e l e o s t s  and amphibians. 

It i s  a l so  t h i s  region which passes through t h e  external  l imi t ing  

membrane. In  some e l l i p s o i d s ,  t h e  middle and proximal t h i r d s  con- 

t a i n  what appears t o  be an o i l  droplet .  

When il luminated, t h e  e l l i p so id  lengthens and pushes t h e  outer  

segment deeper i n t o  t h e  pigment epithelium toward t h e  sc l e ra .  I n  

dim l i g h t  t h i s  region cont rac ts ,  moving t h e  outer segment i n  c loser  

t o  t h e  ex terna l  l imi t ing  membrane and thus  exposing it t o  more l i g h t .  

L i t t l e  i s  known of t h e  c o n t r a c t i l i t y  of t h e  myoid (proximal t h i r d  of 

t h e  e l l i p s o i d )  i n  t h e  smooth dog f i s h  or i n  t h e  elasmobranchs. 

It appears t h a t  t h e  outer  segments and e l l ipdoids  of t h e  e las -  

mobranchs undifferent ia ted v i sua l  c e l l s  d i f f e r  i n  t h e i r  s t ruc tu re  

from t h e  rods and cones of other ver tebrates  while t h e  inner layers  

of t h e  r e t i n a  resemble those of ver tebrates .  This lends support t o  

t h e  view t h a t  t h e  undi f fe ren t ia ted  v isua l  c e l l s  of t h e  shark may be 

capable of functioning as do rods  and cones. 

The v i sua l  c e l l  proper with the  outer  f i b e r  i s  t h e  homologue of 

t h e  recept ive dendr i t ic  expansions of a neuron. 

are t y p i c a l  neurons whose bodies form t h e  uppermost one or two rows 

of t h e  in t e rna l  nuclear l aye r .  From t h e  upper end of t h e  body a r i s e  

short  dendr i t ic  twigs producing several  t u f t s  spreading i n  t h e  lower 

zone of t h e  external  plexiform layer .  The axis cylinder takes  a 

hor izonta l  course ch ief ly  i n  t h e  inner p a r t  of t he  ex terna l  plexi-  

form l aye r ,  and i t s  terminal twigs synapse with the  v isua l  c e l l  

spherules.  The horizontal  c e l l s  thus receive impulses from a group 

of v i s u a l  c e l l s  of one l o c a l i t y  and transmit them t o  a group of 

v i s u a l  c e l l s  of another l o c a l i t y .  

The horizontal  c e l l s  
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The b ipolar  c e l l s  connect t h e  v i sua l  c e l l s  with t h e  ganglion 

c e l l  of t he  r e t i n a ,  and through these with t h e  v i s u a i  cen ters  of 

t h e  b ra in  via t h e  op t i c  nerve f i b e r s .  

proximately upright  with respect  t o  t h e  r e t i n a l  l aye r s .  

nuc le i  a r e  i n  t h e  i n t e r n a l  nucelar l aye r  and t h e  ex terna l  plexiform 

l aye r  -- with very few i n  the  l a t t e r .  

outward expansions t h a t  spread i n t o  t h e  ex terna l  plexiform l a y e r ,  where 

they synapse with t h e  v i sua l  c e l l s .  It i s  i n t e r e s t i n g  t o  see t h e  in- 

t r i c a t e  manner i n  which t h e  dendr i t ic  expansions of t h e  b ipolar  c e l l s  

pene t ra te  t h e  terminal  swellings of t h e  v i s u a l  c e l l s .  

expansion of t h e  b ipolar  spreads in to  t h e  i n t e r n a l  plexiform l aye r  

where it i s  synapt ica l ly  r e l a t e d  t o  t h e  ganglion c e l l s  and other  ad- 

jo in ing  c e l l s .  Two groups of bipolars can be dis t inguished -- cen t r i -  

p e t a l  b ipo la r s ,  which t ransmit  impulses from t h e  v i s u a l  c e l l s  t o  t h e  

ganglion c e l l s  and cent r i fuga l  b ipolars ,  which t ransmit  i n  t h e  opposite 

d i r ec t ion .  

The bipolar  c e l l s  s t a n d  ap- 

Their 

Each b ipolar  has one or severa l  

A s ing le  inward 

The ganglion c e l l s  represent  the t h i r d  r e l a y ,  i n  t h e  r e t i n a ,  of 

t h e  chain of neurons t h a t  form t h e  a f fe ren t  v i sua l  pathway. 

a r e  l a r g e r  than those  of t he  two nuclear l aye r s ,  and c lose ly  resemble 

neurons of t h e  b ra in .  The bodies are i n  t h e  ganglion l a y e r ,  with a 

few displaced i n t o  t h e  lower p a r t  of t h e  i n t e r n a l  plexiform l aye r .  

Their dendri tes  spread i n  t h e  inner plexiform l aye r .  

substance i s  present  i n  a l l .  

t runk of each ganglion c e l l  arises one axis cyl inder  t h a t  leaves t h e  

r e t i n a  and becomes an op t i c  nerve f ibe r  terminating i n  t h e  op t i c  tectum 

of t h e  b ra in .  

These c e l l s  

Chromophile 

From the perikaryon or t h e  chief  dendri te  

The r e t i n a  contains  supporting elements of neurogl ia l  character .  

The most important are t h e  r a d i a l  f i be r s  of Miieller. These a r e  present 

throughout t h e  r e t i n a  i n  a l l  regions.  Their oval nuc le i  l i e  i n  t h e  

middle zone of t h e  inner nuclear layer .  The c e l l  body i s  a slender 

f i b e r  or p i l l a r  which extends r ad ia l ly  from t h e  ex terna l  t o  t h e  

i n t e r n a l  l imi t ing  membrane. Their inner ends expand conical ly  and 

form t h e  i n t e r n a l  l imi t ing  membrane. I n  t h e  two plexiform layers  
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t h e  r a d i a l  f i b e r s  give off  many branches, which form a dense neuro- 

g l i a l  network. 

The c e l l  bodies of the  r a d i a l  f i b e r s  a r e  beset  with excava- 

t i o n s  which envelop bodies of t h e  ganglion c e l l s ,  b ipolars ,  hori- 

zontal  c e l l s  and t h e  v isua l  c e l l s .  The bodies of t h e  nervous 

elements appear t o  be completely enveloped i n  t h i n  husks of sup- 

port ing s t ruc tures  which perhaps serve as insu la tors .  The v i s u a l  

c e l l  f i b e r s  a r e  likewise encased i n  t h i n  tubel ike sheaths produced 

by Mueller's f i b e r s .  

A t  t h e  l i m i t  of t h e  external  nuclear layer  and v i s u a l  c e l l  

l ayer  t h e  r a d i a l  f i b e r s  fuse and form t h e  external  l imi t ing  membrane. 

The r e t i n a  of t h e  smooth dog f i s h  i n  organization has a t ta ined  

a very high l e v e l  of development comparable t o  t h a t  i n  t e l e o s t s  and 

m a m m a l s .  
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FIGURE 18. Schematic structure of various kinds of eyes and 
t h e i r  photoreceptors. A ,  Eyespot of protozoa; B, Photosensory 
cell, of t he  flatworm ocel lus;  C ,  Insect ocel lus;  D ,  Compound 
eye of arthropods; E,  Mollusc cephalopod eye; F,  Vertebrate eye; 
a,  l e n s ,  f ,  flagellum, g ,  pigment,R, photoreceptor ( r e t i n a l  rod 
o r  rhabdomere) os,  outer segment, i s ,  inner segment, re ,  r e t ina .  
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C. Instrumentation 

1. Microspectrophotometer. J. J. Wolken. 
The construction of recording microspectrophotometers of various 

designs has developed rapidly in the past decade. 

and constructed over the past eight years microspectrophotometers M-1 

We have designed 

through M-5. 
of biological, biochemical and chemical studies. 

These instruments were immediately applied to a variety 

The main characteristics of the recording microspectrophotometer 
M-5 are improved optical resolution and greater sensitivity from the 
ultraviolet through the visible to the infrared. 
obtained from minute drops of solution and from particles as small as 
0.5 P in diameter. 

the novel design of the chopper and the associated electronics. 
tinuous spectra can be recorded from the ultraviolet, 1800 A to 1 1-1 

in the infrared. 

reccrded within one second. 

Spectra can be 

The efficiency of the instrument is dependent upon 
Con- 

0 

The visible part of the spectrum, 4000 to 8000 is 

The present instrument is versatile, rugged and adaptable to 

performing a variety of spectroscopic analyses from living cells, 
cell organelles, particles and solutions, which would be difficult 

to obtain by other methods. 
The optical and electronic design of the microspectrophotometer 

is summarized in the publication, Rev. Sci. Instrum. 39:1734, 1968 
Studies during the past year were directed toward the biosynthe- 

sis and identification of pigment molecules; for example, porphyrins, 

chlorophylls, carotenes and flavins in living cells. In addition, 
spectral analysis of blood hemoglobins are being obtained to identify 
these hemoglobins in the blood cells of healthy and diseased states. 

Also, several interesting applications were carried out in col- 

- 

laboration with Professors Sidney Fox and George Mueller, Institute 
of Molecular Evolution, University of Miami, Miami, Florida. 

to do with the chemistry of laboratory synthesized microspheres, 
believed to be a precursor structural model for a living cell. 

others have to do with geochemical (from samples of foxite, ozocenite, 

quartz inclusion bodies, mica and other minerals) and their possible 

One has 

The 
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r e l a t ionsh ip  t o  the  o r ig in  of l i f e .  

F ina l ly ,  and of grea t  i n t e r e s t ,  were lunar  samples from t h e  

Apollo 11 Mission. 

spheroids,  which ranged i n  s i z e  from 0.1 t o  500 l~ i n  diameter. 

The ana lys i s  by microspectrophotometry indicated d i f fe rence  i n  

t h e i r  absorption cha rac t e r i s t i c s .  

The lunar  mater ia l  consis ted of small "glass" 

I n  almost a l l  p a r t i c l e s ,  t he re  was s t rong u l t r a v i o l e t  absorp- 

The result of these  analyses of lunar  material i s  published t i on .  

by S. W .  Fox, K. Harada, P. E. Hare, G. Hinsch and G. Mueller, 

Bio-organic Compounds and Glassy Microparticles i n  Lunar Fines and 

Other Materials , Science 167 : 767 , 1970. - 

2. Optical  Diffractometer. J. J. Wolken and 0. J. Bashor. 

We have already indicated t h e  use of o p t i c a l  d i f f r a c t i o n  (pages 20 and 

21 and Figures 7, 8 and g ) ,  as a technique f o r  examining s t ruc tu re  

revealed by e lec t ron  microscopy (Figure 7 ) .  
l i k e  x-ray d i f f r a c t i o n ,  permits one t o  recons t ruc t  t h e  molecular 

s t ruc tu re  and estimate t h e  molecular weight of these  c r y s t a l l i n e  

c e l l u l a r  inclusions.  

We a r e  constructing an Optical  Diffractometer,  modeled a f t e r  

Optical  d i f f r a c t i o n ,  

t h e  design of Berger and Harker (J. E. Berger and H. Harker, Optical  

Diffractometer f o r  Production of Fourier Transforms of Electron 

Micrographs, Rev. Sc i .  Instrum. - 38:292, 1966). -- 
The bas ic  design of t h i s  instrument i s  i l l u s t r a t e d  i n  Figure 

The lenses  are two planoconvex lenses  with a foca l  length of 19. 
1.52 meters with a surface f i n i s h  of 0 . 1  wavelength. 

source i s  an Edmund Continuous wave €IF,-NE Laser with an emit t ing 

l i g h t  of 632.8 nm. 

The l i g h t  
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D 

FIGURE 19. 
Biophysical Research Laboratory. 
Fixed lens holder, L2, Adjustable lens holder, C, Film holder. 

Schematic of optical diffractometer constructed in the 
S, Laser, P, Plate holder, L1, 



3. Electromagnetophoresis. A.  Perlin and E. L. Morofsky. 
A study was initiated to determine whether human red blood cells 

of normal and diseased states behave differently when exposed to com- 
bined magnetic and electric fields. 

Electromagnetophoresis is applicable to the separation of 

particles of nearly equal density but distinctly different electrical 
conductivity. 

surrounding fluid to an intermediate value, the two species can be 

made to migrate in opposite directions. Particles of different shapes 
may be separated even when their densities, volumes, and electrical 

conductivity of irregular bodies and of microscopic particles may be 
measured by finding the conductivity of the solution in which they 

experience no electromagnetic force. In this way, the measurement 
of the electrical conductivity of various living cells is possible. 

Alternating currents and fields must be used to avoid electrical 

stimulation of the cells. Such measurements of variation in the 

electrical conductivity of active cells are of interest in our 
studies of changes in cell membrane permeability in response to 
stimuli. 

In this case, by adjusting the conductivity of the 

The apparatus consists of a quartz migration cell fitted with 

platinum electrodes on two opposite faces, placed between the poles 

of a large electromagnet. Whole blood or washed cells were used. 
After migration of the red blood cells, the quartz cell is placed 

in a spectrophotometer modified to scan the sample along the direc- 
tion of migration giving the distribution of light transmission as 

a function of distance from the bottom of the cell for various wave- 

lengths. 
The major difficulty encountered was the construction of a 

migration cell that would meet requirements both for spectrophoto- 
metry and electromagnetophoresis. Since very high magnetic fields 

were required, large amounts of heat are released, therefore, the 

dimensions of the cell are very critical. In the experimental runs 

to date, these currents were found to invalidate the results obtained. 
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